The evolution of sediment flow routing during complete evolution of the Kumano forearc basin is determined through integration of stratigraphic and sediment provenance analyses in the upper Nankai forearc. A new approach uses the compositional variability of detrital clinopyroxenes and orthopyroxenes collected at 8 major rivers in Japan and 3 drill sites in the basin and nearby slope environment, including the first drill cuttings retrieved by the Integrated Ocean Drilling Program (IODP). Joint interpretation of these datasets reveals that the sedimentation history of the basin is characterized by three main phases separated by newly-recognised time-transgressive boundaries. We show that the Kumano Basin initiated as a trench-slope basin in the early Quaternary (~1.93 Ma) and that it progressively evolved towards an upper slope environment with increased turbidite confinement and influence from climatic forcing. Basin initiation was broadly synchronous with development of the Nankai megasplay fault, suggesting a causal relationship with construction of the Nankai accretionary prism. Unlike preceding studies documenting long-distance longitudinal transport of clastic material along the lower Nankai forearc, only limited longitudinal transport is documented by detrital pyroxenes in the upper forearc. These results suggest that transverse canyons are a major control on the sediment flow routing during maturation of forearc basins and that long-distance longitudinal flows along convergent margins are principally restricted to neartrench environments, even in the presence of large forearc basins.
Introduction
Sediment routing and deposition are important processes at modern convergent margins. The rate and mode of supply of detrital sediments from the volcanic front to the trench are first order controls on formation and development of accretionary complexes and the structural evolution of forearc regions (e.g., Melnick and Echtler, 2006; Kimura et al., 2008; Simpson, 2010) . The transport of detrital sediments towards the trench is affected in turn by forearc deformation and development of basins and canyons that control sediment routing in the outer margin (Dickinson and Seely, 1979; Underwood and Karig, 1980; Dicksinson, 1995; Underwood et al., 2003; Underwood and Moore, 2012) . In this context, the formation of forearc basins is of particular significance because they form large sediment traps that can profoundly modify the transport and depositional patterns of sediments, with likely implications for the mechanical state of the margin and the formation of earthquakes (Fuller et al., 2006; Wang and Hu, 2006) . However, documenting sedimentary patterns during development of these basins has remained limited along modern convergent margins due to a lack of sampling in the deepest parts of mature basins and difficulties in determining the sources of detrital sediments in volcanic environments using common methods of sediment provenance analysis.
The Kumano Basin, located along the Nankai margin, southwest Japan ( Fig. 1) , offers a unique opportunity to study sediment provenance during different development stages of a forearc basin. Drilling of sedimentary sequences down to the basin basement was recently carried out by deep sea drilling vessel Chikyu at two sites of the Integrated Ocean Drilling Program (IODP) during the Nankai Trough Seismogenic Experiment (NanTroSEIZE) (Kinoshita et al., 2008; Saffer et al., 2010; Strasser et al., 2014) . In addition, seismic imaging of the basin and surrounding forearc slope was carried out as preparation to the NanTroSEIZE program ) and during the MITI seismic survey for exploration of methane hydrate in Japan (e.g., Takano et al., 2013) . Overall, these operations provide a valuable background to investigate the relationship between tectono-stratigraphic development of the basin and sedimentation patterns in the forearc.
The aim of this paper is to document temporal changes in the sources of detrital sediments deposited in the Kumano Basin and to characterise longitudinal deflection of turbidity currents induced by development of a large sediment trap/accommodation space in the upper forearc. We show this can be achieved through an approach integrating stratigraphic correlation of drilling sites in the basin with sediment provenance analysis based on compositional variations of detrital pyroxenes. In addition, we report on the stratigraphic accuracy of the first IODP cuttings samples, which were retrieved using riser drilling techniques on the Chikyu (Saffer et al., 2010) .
Geological setting
The Kumano Basin is located along the Nankai margin ( Fig. 1) , where the Philippine Sea Plate is subducting NW beneath the Eurasian Plate at a rate of ~4.5 cm/y. (Seno et al., 1993) . The basin rests in the upper forearc upon a Neogene accretionary prism (Moore et al., 2007; Kinoshita et al., 2008; Saffer et al., 2010; Gulick et al., 2010; Hayman et al. 2012; Takano et al., 2013) . It sits between the upper trench slope and a megasplay fault associated with a forearc high that marks the transition downslope to an imbricate thrust zone Strasser et al., 2009; Martin et al., 2010) . The basin is ~150 km long and ~50 km wide and forms a major bathymetric step at ~2000 m depth between the Honshu shelf (~50 m deep) and the Nankai Trough and Shikoku Basin (~4400 m deep) (Moore et al., 2007; Gulick et al., 2010; Takano et al., 2013) . However, reasons for the basin initiation and subsequent tilting remain unclear. Possible tectonic causes include shortening along the megasplay fault bordering the basin (Moore et al., 2007; Bangs et al., 2009; Gulick et al., 2010; Conin et al., 2012) , subduction of a seamount below the NE edge of the basin (Kimura et al., 2011) , and changes in subduction accretion/erosion along the margin (e.g., Takano et al., 2013) .
Detrital sediments deposited in the basin could have originated in distinct geological parts of the margin. The Nankai forearc is bordered by a <2000 m tall, NE-SW striking mountain range that includes a quiescent segment of the Honshu volcanic arc. The range broadly follows the orientation of the Median Tectonic Line (MTL), a major, tectonically active fault separating two contrasting geological domains in Honshu (Ito et al., 2009) . The area NW of the MTL, or Inner Zone, is composed of a Jurassic accretionary complex (Mino-Tanba Belt) and Cretaceous low-P/T metamorphic rocks and associated granitic intrusives (Ryoke Belt). The area SE of the MTL, or Outer Zone, includes a Mesozoic to Miocene accretionary prism and its metamorphic equivalents (Sanbagawa and Shimanto Metamorphic Belts), with minor Neogene igneous rocks (Taira, 2001; Aoki et al., 2011; Geological Survey of Japan, 2012) (Fig. 1) . The mountain range along Honshu shelf is interrupted north of the Kumano Basin by the Ise Bay, where the continental shelf extends locally ~65 km into the Inner and Outer Zones. In the NE, the Honshu volcanic arc has been colliding with the Izu-Bonin volcanic arc for the past 15 m.y. in the Izu Collision Zone (Amano, 1991) . This collision has resulted in significant uplift and erosion of the Honshu and Izu volcanic arcs (Kimura et al., 2008; Okuzawa and Hisada, 2008) .
Recent erosional products from the Collision Zone are transported downslope by turbidity currents through the Suruga Canyon and along the Nankai Trough, where they eventually accumulate and contribute to construction of the accretionary prism (Taira and Niitsuma, 1985; Soh and Tokuyama, 2002; Kimura et al. 2008) (Fig. 1) . Similarly, igneous, metamorphic and sedimentary fragments reworked from the Inner and Outer Zones have been significant components of turbidites in the lower forearc (i.e., trench slope, trench-slope basins and trench) since the Miocene (De Rosa et al., 1986; Underwood et al,. 2003; Underwood and Fergusson, 2005; Underwood and Moore, 2012; Clift et al., 2013; Usman et al., 2014) . However, to date, constraints on the provenance of turbidites have been restricted to the modal composition of sandstones (e.g., Usman et al., 2014) and one zircon study (Clift et al., 2013) . Although there is evidence that the morphology of the trench slope controlled distribution of turbidites during the Neogene (e.g., Underwood et al., 2003) , patterns of detrital sedimentation associated with formation of the forearc basin remain to be determined.
Methods
Documenting temporal changes in the sources of detrital sediments deposited in the Kumano Basin and characterising possible effects of the basin development on lateral deflection of turbidity currents in the upper forearc were achieved using: (1) refined stratigraphic correlation of intra-basin drilling sites based on reflection seismic, logging, lithological and age data from the IODP; and (2), sediment provenance analysis based on compositional variations of detrital pyroxenes from a selection of river samples in Japan and IODP samples from the Kumano Basin and nearby slope environment.
This study includes the use of the first IODP drill cuttings, which were collected in the Kumano Basin at site C0009 during Expedition 319 (Saffer et al., 2010) . The stratigraphic accuracy of these samples is discussed in detail in Appendix A (Supplementary File 1) . In summary, these samples allow characterisation of major lithological changes downhole with great accuracy, including recognition of thin (<5 m thick) intervals of contrasting lithology (e.g., ash-rich interval interbedded with sandy turbidites). Very limited mixing of detrital grains during retrieval of cuttings samples at site C0009 is of no consequence for the accuracy of our provenance analysis during different stages of evolution of the Kumano Basin.
Stratigraphic correlation
Three IODP drill sites were considered: (1) site C0009 in the central part of the Kumano Basin; (2) site C0002 in the outer part of the Kumano Basin; and (3), site C0001 in a trench-slope/piggyback basin ~5 km SW of the Kumano Basin (Fig. 1) . Correlation of drill sites in the basin was achieved based on a seismic profile through sites C0009 and C0002 and IODP data (Fig. 2) . We identified four regional unconformities or sequence boundaries (SB1 to SB4, from oldest to youngest) on the basis of erosional truncations, onlap and/or downlap surfaces (Fig. 2) . The seismic units bounded by these unconformities are sequences that represent deposition during tectonically controlled phases of basin development. The seismic units are referred to as Unit 1 or Subunit 1A and Subunit 1B, Unit 2, and Unit 3 (Fig. 2) . Fig. 4 shows flattened seismic sections on key unconformity surfaces to constrain better the basin formation at specific times. IHS Kingdom Suite software was used for seismic data interpretation and flattening of horizons. Logging data and lithostratigraphic descriptions of cores and drill cuttings were collected during IODP Expedition 314 and 319 (Kinoshita et al., 2008; Saffer et al., 2010) . Among logging data, gamma ray and photoelectric factor (PEF) gave the best constraints on lithostratigraphic variations in the Kumano Basin (Fig. 3) .
Depositional ages at drill sites C0001, C0002 and C0009 are based on nannoplankton ages collected during IODP Expeditions 315 and 319 (Kinoshita et al., 2008; Saffer et al., 2010) and post-cruise research by Kameo and Jiang (2013) . Sedimentation rates at sites C0002 and C0009 are based on the interpretation given in Fig. S1 . In the absence of sampling and determination of depositional ages for most of IODP Units I and II at site C0009, the sedimentation rate was assumed to be constant throughout this interval.
Sediment provenance analysis
Sediment provenance studies along the Nankai margin have been essentially constrained based on the framework grain composition of sandy sediments (i.e., quartz, feldspars and lithic fragments) using a Gazzi-Dickinson point counting technique (e.g., Ferguson, 2003; Usman et al., 2014) . Although this approach can give valuable insight into source effects controlling the composition of detrital sediments (e.g., Dickinson and Suczek, 1979; , hydrodynamic sorting during transport and deposition, and preferential preservation of some mineral species during transport and diagenesis are equally significant in controlling sediment composition (Morton and Hallsworth, 1999; Garzanti et al., 2009) . As a result, interpretation of sediment provenance based on the modal abundance of framework grains (or heavy minerals) is often ambiguous. In contrast, approaches using single grain geochemical analysis or single grain geochronology are not affected by alteration, hydrodynamic and diagenetic effects and, thus, allow a more robust and detailed characterisation of provenance (von Eynatten and Dunkl, 2012) . In the Nankai margin, geochronology of detrital zircons can be used to determine the relative contribution of the Inner, Outer and Collision Zones in turbidites (Clift et al., 2013) . This approach notably allowed assessment of clastic flux to the Nankai Trough in SW Japan over the past 14 m.y. However, except for identification of material eroded from the Collision Zone, age patterns in Honshu do not have the level of spatial contrast required to outline lateral transport of sediments in the upper forearc.
To determine the provenance of sediment and assess longitudinal transport of turbidity currents in the forearc slope we use here detrital clinopyroxenes and orthopyroxenes as source tracers. The composition of magmatic clinopyroxenes determined by microprobe analysis has a demonstrated value to determine provenance of sediments in volcanic environments (e.g., Nisbet and Pearce, 1977; Leterrier et al., 1982) . We complement this approach by LA-ICP-MS analysis of Rare Earth Elements (REE), which allowed improved characterisation of sediment sources. In addition, we introduce the use of orthopyroxenes, which have not previously received much attention in provenance studies (von Eynatten and Dunkl, 2012) , but that we show beneficially complement the analysis of clinopyroxenes.
29 samples of sand and poorly consolidated sandstones were collected at the mouth of 8 major rivers between the Kii Peninsula and the Izu Collision Zone (Figs 1 and S2 ) and at drill sites C0001, C0002 and C0009 (Table T1 ). Heavy minerals >64 μ were separated in a solution of Napolytungstate. 1188 pyroxene grains ranging in size between ~100 and ~ μ were handpicked under a microscope from heavy mineral separates, mounted in epoxy resin and polished for electron microprobe and LA-ICP-MS analysis. Analytical conditions are detailed in Appendix B (Supplementary File 2) and results with standard measurements are given in Tables T2-T4 . All the clinopyroxenes used in this study are in the augite and diopside fields (Fig. S3) . They generally have MgO >14 wt%, indicating that they crystallized in poorly fractionated, mafic to intermediate liquids. Consistency of the microprobe and LA-ICP-MS analyses is attested by the reproducibility of Ti measured by both techniques (Fig. S4 ).
Results

Tectono-stratigraphic subdivision of the Kumano Basin
Three main tectono-stratigraphic units are defined in the Kumano Basin based on recognition of major sequence boundaries (SB1-4, Fig. 2 ) combined with logging data, lithological observations and depositional ages collected by IODP expeditions at sites C0009 and C0002 (Konishita et al., 2009; Saffer et al., 2010) (Fig. 3) . Tectono-stratigraphic Unit 1 between SB1 and SB3 consists of an interval of slow sedimentation (35-270 m/Ma) in a slope environment on top of the Nankai accretionary prism. SB1 is an erosional unconformity that marks a regional hiatus ~5.6 to 3.8 Ma on top of the prism Underwood and Moore, 2012; Kameo and Jiang, 2013) , whereas SB3 is a time transgressive surface marking the transition from slope sedimentation (Unit 1) to incipient basin infill (Unit 2). Unit 1 corresponds to IODP Units IIIA and IIIB at site C0009 (3.8 to 0.9 Ma) and IODP Unit III at site C0002 (3.8 to 1.6 Ma), which are composed of hemipelagic mud with few, thin beds of fine sand turbidites and ash deposits (Fig. 3) . SB2 marks the contact between IODP units IIIA and IIIB at site C0009 and laps down on the accretionary prism NW of site C0002 . This boundary separates two distinct sedimentation regimes during deposition of Unit 1 that are included thereafter in tectono-sedimentary Subunits 1a and 1b (Fig. 2) . Subunit 1a corresponds to small perched basin(s) documented by angular relations of sediments (Figs 2, 4) and a distinctive, high content in plant debris at site C0009 (Saffer et al., 2010) . Subunit 1b is characterised by more transparent seismic reflectors compared to those of Subunit 1a (Fig. 2) . It is also characterised by a mud-rich condensed interval at site C0002 (Kinoshita et al., 2009; Underwood and Moore, 2012 ) and a newly recognised condensed interval at site C0009 that correlates to low PEF values (Figs S1, 3).
Tectono-stratigraphic Unit 2 between SB3 and SB4 represents the first stage of infill of the Kumano Basin. SB4 is another time transgressive surface that corresponds to a major change in the direction of sediment onlaps from predominantly landward dipping reflectors (Unit 2) to seaward dipping reflectors (Unit 3) (Fig. 4) . Sediments in Unit 2 occur in a stratigraphic interval including parts of IODP Unit II at site C0009 (0.9 to ~0.7 Ma) and IODP Units I and II at site C0002 (1.6 to ~0.3 Ma) (Fig. 3) . The transition from Unit 1 to Unit 2 was accompanied by an abrupt increase in sedimentation rate to ~1067 m/Ma, which is linked to an increased supply of coarser-grained turbidites progressively lapping on previous slope sediments towards the NW (Figs 2-4). Near the top of site C0002, close to IODP Units I-II boundary (~1.0-0.9 Ma), sedimentation rates decrease to ~108 m/Ma (Fig. 2, S1 ), which we consider reflect limited turbidite emplacement in the outer basin shortly before deposition of Unit 3. This is consistent with tilting of the basin and migration of the main depocenter towards the NW between 1.3 and 1.0 Ma as constrained by 3D seismic data . However, our stratigraphic analysis and new age data from Site C0009 indicate that the transition from Unit 2 to Unit 3 was gradational and that it is not until SB4 (clearly <0.9 Ma at site C0009, Fig. S1 ) that a new regime of sedimentation had developed with persistent lapping of turbidites on the forearc high in the outer basin. Documenting details of this transition is beyond the scope of this study, but we note that basin tilting was accompanied by deformation of an intrabasinal high near site C0009 (Fig.  2) , which partly controlled relocation of the depocenter in the central part of the basin shortly before deposition of Unit 3 (~1 Ma).
Tectono-stratigraphic Unit 3 includes all sequences above SB4, which were deposited after the main tilting phase of the Kumano Basin ~1.3-1.0 Ma . This Unit corresponds to IODP Unit I and parts of IODP Unit II at site C0009 (~0.7 Ma and younger), and parts of IODP Unit I at site C0002 (~0.3 Ma old and younger) ( 
Composition of pyroxenes in modern river sediments
Major and trace element contents of detrital pyroxenes found in modern river sediments outline compositionally distinct sources along the Japanese forearc, with significant differences between the Inner, Outer and Collision Zones. Detrital clinopyroxenes drained from the Outer Zone (i.e., found in the Kino, Kumano, Tenryu and Abe rivers, Figs 1 and S2) include both alkaline, MORB-like and calcalkaline arc affinities in Leterrier et al. (1982) discrimination diagrams (Fig. 5) . A possible exception to this observation is the lack of clinopyroxenes with alkaline affinity in the Kumano river. In contrast, clinopyroxenes from the Inner Zone (i.e., found in the Kiso and Nagara rivers) essentially have a calcalkaline arc affinity. Clinopyroxenes from the Collision Zone (i.e., found in the Fuji and Kano rivers) have both calkalcaline arc and tholeiitic arc affinities. A broad Outer Zone source can therefore be defined based on the distinctive occurrence of clinopyroxenes with either alkaline or MORB-like affinities in the Kino, Kumano, Tenryu and Abe rivers. The origin of these pyroxenes is most likely associated with erosion of accreted oceanic crust (ocean floor and seamounts) exposed in Mesozoic-Cenozoic accretionary complexes. Similarly, the composition of clinopyroxenes in the Collision Zone is consistent with erosion of calcalkaline and tholeiitic volcanoes of the Izu-Bonin arc, whereas calcalkaline affinities observed in samples from the Inner Zone likely represent erosion of older arc volcanoes formed on the Japanese continental crust (Fig. S2 ).
REE contents of detrital clinopyroxenes display a large variability among source areas, which can be used to unravel parts of the compositional overlaps displayed in Leterrier et al. (1982) diagrams. Two additional detrital sources are defined using a La/Sm versus Dy/Yb diagram ( Fig. 6 ): (1) a broad Inner Zone source with distinctive, high La/Sm and low Dy/Yb clinopyroxenes; and (2), an Abe river source with characteristic, high Dy/Yb and medium to low La/Sm clinopyroxenes.
Finally, three compositionally distinct detrital sources (of unclear origins) are outlined by orthopyroxenes in the Kumano, Tenryu and Kano rivers using % ferrosilite versus Al, % ferrosilite versus Na and % ferrosilite versus Ca diagrams (Fig. 7) . This is an important result showing that orthopyroxenes can be used to identify specific sediment sources. In summary, the compositional variability of the pyroxenes in our river samples defines seven sediment sources: (1) a broad Outer Zone source; (2) a Kiso and Nagara rivers (Inner Zone) source; (3) a Fuji and Kano rivers (Collision Zone) source; (4) a Kumano river source; (5) a Tenryu river source; (6) an Abe river source; and (7), a Kano river source.
Composition and provenance of detrital pyroxenes at drill sites
The provenance of sandy sediments at IODP sites C0009, C0002 and C0001 is constrained based on comparison of the composition of detrital pyroxenes from core samples and drill cuttings with that of pyroxenes from river sediments. This approach assumes limited compositional variation of source areas and no significant changes in on-land erosional and transport processes in the past 2.5 Ma. This assumption is in good agreement with broadly constant exhumation rates across the studied area and magmatic quiescence in SW Honshu during this period (Kimura et al., 2005; Clift et al., 2013) . Downhole decrease of pyroxene content and frequent etching of amphibole and pyroxene grains were observed at sites C0002 and C0009 in the Kumano Basin, which is indicative of instability of mineral phases during diagenesis (Velbel, 2007) . However, pyroxenes occur down to 968 mbsf at site C0009 (Table T1) , which is ~400 m below the commonly accepted depth of stability of amphiboles and pyroxenes (e.g., Morton and Hallworth, 2007) . Good preservation of pyroxenes in the Kumano Basin may be related to the relatively young age of the sediments, high sedimentation rates and poor consolidation of formations that together suggest limited diagenesis. The preservation of these minerals may be also related to low geothermal gradients in forearc environments relative to other tectonic settings. Because dissolution during diagenesis lowered the number of pyroxenes available in our deepest samples, the pyroxenes were considered collectively in each tectono-stratigraphic unit. This approach, combined with the large compositional spectrum of pyroxenes and characterisation of their variability in several compositional spaces, allows robust determination of sediment sources.
Clinopyroxenes at site C0009 have a consistent compositional range throughout development of the basin (Units 1 to 3), with an assemblage of alkaline, MORB-like and calcalkaline arc affinities in Leterrier et al. (1982) diagrams (Fig. 5) . The alkaline and MORB-like affinities unambiguously indicate a sediment contribution from the Outer Zone. An absence of contribution from the Collision Zone is documented by a lack of tholeiitic arc signature. In addition, REE contents of clinopyroxenes show that sand/sandstone sampled at site C0009 did not source in Abe river and partly originate from the Inner Zone (Fig. 6) . The compositions of orthopyroxenes at site C0009 are consistent with other observations, further outlining a clear Kumano source, without evidence for contribution from Tenryu and Abe rivers (Fig. 7) . Growing influence of material supplied by the Kumano river during infill of the Kumano Basin is supported by an increased fraction of orthopyroxenes delivered by the Kumano river from Unit 1 (7% of 27 grains with % ferrosilite > 49) to Unit 2 (13% of 69 grains with % ferrosilite > 49) and Unit 3 (36% of 50 grains with % ferrosilite > 49).
The composition of pyroxenes in Unit 2 at site C0002 (~1.1 to ~0.3 Ma) of the Kumano Basin outlines a predominant contribution from the Inner Zone, with clinopyroxenes with calcalkaline arc affinities in Leterrier et al. (1982) diagrams (Fig. 5) and REE contents characteristic of Nagara and Kiso rivers (Fig. 6 ). Orthopyroxenes at site C0002 show some compositional overlap with those at site C0009, with evidence for a minor contribution from a Kumano source and a larger influence from an unknown source with high Al values (Fig. 6) . No influence from the Collision Zone or Tenryu and Abe rivers is recorded.
Detrital pyroxenes sampled out of the Kumano Basin at site C0001 have a large compositional range supporting Outer and Inner Zones origins (Figs 5-7) . Clinopyroxenes have alkaline, MORB-like and calcalkaline arc affinities in Leterrier et al. (1982) diagrams (Fig. 5) . Alkaline affinities characteristic of an Outer Zone source are, however, restricted to sample 184-3, even though all our samples at site C0001 are included in a 5.4 m thick turbidite interval deposited broadly synchronously ~2.2 Ma. Sediment sources at site C0001 are partly distinct from those at sites C0009 and C0002 in the past 2.5 m.y., with the occurrence of few clinopyroxenes with tholeiitic arc affinities in Leterrier et al. (1982) diagrams (Fig. 5 ) and abundant clinopyroxenes with La/Sm<0.3 (Fig. 6) . This documents an Izu-Bonin arc source with a compositional range, albeit slightly distinct from that of pyroxene assemblages found in recent Fuji and Kano rivers. In addition, site C0001 lacks Kumano-derived orthopyroxenes observed at sites C0009 and C0002 (Fig. 7) . These observations indicate that turbidites at site C0001 were transported from compositionally distinct sources during the early Quaternary, including the Inner Zone, Outer Zone and the Izu-Bonin arc, but excluding Kumano and Tenryu sources.
Discussion
Sediment routing during development of the Kumano Basin is discussed below in a model of Quaternary evolution of the upper forearc based on integration of our results and existing structural and sedimentological constraints at a regional scale (Fig. 8) .
Initiation of the Kumano Basin
The initiation of the Kumano Basin created a large accommodation space in the upper forearc, which is expected to have strongly modified sediment routing along the margin (e.g., Underwood & Moore, 2012; Takano et al., 2013; Usman et al., 2014) . Determining the time of basin initiation, therefore, is critical in reconstructing sedimentation patterns in the forearc region. The initiation of the Kumano Basin has previously been associated with onset of fast sedimentation at site C0002 ~1.6 Ma (Kinoshita et al., 2009; Strasser et al., 2009) . Because this age predates that of activation of the megasplay fault by ~0.4 m.yr., it has been assumed in recent studies that basin initiation had no causal relationship with fault activity (e.g., Strasser et al., 2009) . However, our tectono-stratigraphic analysis indicates that onset of fast sedimentation at site C0002 corresponds to time transgressive boundary SB3 between Units 1 and 2, and that basin sediments of Unit 2 first deposited farther SE before prograding towards the NW and overlapping slope sediments of Unit 1 at site C0002 (Figs 3,  4) . These observations indicate that onset of fast sedimentation at site C0002 only represents a minimal age of basin formation. A better age estimate of the initiation can be obtained by calculating time elapsed between the first record of deposition of Unit 2 in the basin and its onlap at site C0002 ~1.6 Ma. This approach yields a ~1.93 Ma age of basin initiation (using a thickness of ~430 m for the interval of basin sediments stratigraphically below site C0002 and a constant sedimentation rate of 1067 m/Ma within this interval). This age broadly corresponds to that of initiation of the megasplay fault ~1.97 Ma as an out-of-sequence frontal thrust (Strasser et al., 2009 (Strasser et al., , 2011 Kimura et al., 2011) . Therefore, we follow here the model by Moore et al. (2007) in which the initiation of the Kumano Basin is caused by formation of the megasplay fault during a phase of rapid growth of the prism (Fig. 8) . We discuss below changes in sedimentation routing associated with this event and the maturation of the Kumano Basin. Sedimentation in the Kumano Basin was preceded by deposition of Unit 1 in a slope environment, with a change ~2.8 Ma from small perched basins (Subunit 1a) to draping deposits (Subunit 1b). We propose that this change was primarily controlled by frontal accretion in the prism and transition of sites C0009 and C0002 from a frontal thrust zone to an inner prism setting (Fig. 8 ). This interpretation is well supported by sediment accretion in the earliest Quaternary at sites C0001, C0004, and C0008 (Kinoshota et al., 2009; Strasser et al., 2009) , possibly coeval changes in the structural regime in the margin basement at site C0009 (Hayman et al., 2012) , and our provenance results (see below). In addition, spatially restricted basins such as those in Subunit 1a ~3.8 to 2.8 Ma and at site C0001 ~2.2 Ma are typical features in the frontal thrust zone of accretionary prisms (e.g., Moore and Karig, 1976; Kawamura et al., 2009 ).
Transition from trench slope to forearc basin sedimentation
Sediments deposited before ~2.8 Ma at site C0009 (Subunit 1a) contain abundant plant fragments not documented in other nearby IODP sites (Kinoshita et al., 2009; Saffer et al., 2010; Strasser et al., 2014) . Although no pyroxene could be recovered in Subunit 1a, these plant fragments attest for a terrestrial supply from Honshu down to the outer margin. Deposition in small perched basins indicates that turbidity currents flowing downslope were deflected and funnelled along trench-slope basin(s), in a way similar to that observed today along the outer Nankai Margin (Underwood et al., 2003) . The condensed interval in IODP Unit III at site C0002 (~3.8 to 1.6 Ma) was deposited in an environment sheltered from turbidity currents. This site was a topographic high probably created by deformation of the accretionary prism in the early Quaternary (Fig. 4) , which persisted until burial under infill deposits in the Kumano Basin ~1.6 Ma.
Detrital pyroxenes deposited in slope sediments at site C0009 from 2.8 to 0.9 Ma indicate that turbidity currents were carrying material sourced in the Inner and Outer Zones down to the outer forearc. Transport of materials from these zones down to the trench is consistent with previous provenance studies at a regional scale (e.g., Clift et al., 2013) and earlier deposition of plant fragments at this site (Saffer et al., 2010) . Importantly, pyroxene data further indicate that longitudinal currents proceeding from, e.g., the Tenryu river or Collizion Zone, did not exist at Site C0009 before development of the Kumano Basin. This is in good agreement with the occurrence of only elongated, NW-SE striking fans in the slope at this time (Takano et al., 2013) . The absence of longitudinal transport along the forearc slope was probably related to smooth topography above site C0002, with several transverse canyons allowing sediment delivery from Honshu down to the trench (Fig. 8) . This environment contrasts with that at site C0001 (~2.2 Ma), where pyroxenes record a clear input from the Izu-Bonin volcanic arc in addition to the Inner and Outer Zones. Volcanic fragments found in the modern Nankai Trough clearly indicate a detrital input from the Collision Zone through the Suruga Canyon (De Rosa et al., 1986) . The existence of a similar process earlier during evolution of the margin has been suggested based on the framework grain composition of sand/sandstone (e.g., Underwood and Fergusson, 2005 ; Usman et al., 2014) but could not be confirmed by recent analysis of detrital zircons (Clift et al., 2013) . Pyroxenes from site C0001 are therefore the first unequivocal evidence for long-distance axial transport from the Collision Zone along the Nankai Trough in the early Quaternary. They additionally provide strong support for location of site C0001 in close proximity to the trench ~0.3 m.y. before initiation of the Kumano Basin (Fig. 8) .
Sediment routing during development of the Kumano Basin
The confinement of density currents is a significant mechanism in forearc and foreland basins, where longitudinal deflection of turbidity currents occurs until nearly complete infill of accommodation space or formation of canyons incising the outer ridge of the basin (e.g., Dickinson and Seeley, 1979; Sinclair and Tomasso, 2002) . Along the Nankai forearc, initiation of the megasplay fault in the early Quaternary and associated development of a forearc high in the outer margin resulted in onset of the Kumano Basin and development of a large accommodation space (Fig. 8) . Turbidite confinement during the first phase of basin development is well documented by a remarkable increase in local sedimentation rates from <300 m/Ma to >800 m/Ma (Fig. 3) , which is associated with deposition of Unit 2 progressively lapping towards the NW on Unit 3 until major basin tilting in the middle Quaternary this study) . Detrital pyroxenes document however that longitudinal transport of material was very limited, with a proximal Outer Zone source (e.g., the Kumano river), without evidence for transport from distant rivers along the Outer Zone (i.e., Tenryu and Abe rivers) or the Collision Zone. Limited longitudinal transport into the basin was probably related to persistent canyons incising the upper slope. Pyroxene data further document an Inner Zone source that supports supply of material to the early Kumano Basin through the Ise Bay (Fig. 8) . Metamorphic material sourced in the Outer Zone is preserved in ~1.67 to 1.05 Ma old turbidites at site C0018, which deposited SW of the Kumano Basin in a trench-slope basin (Usman et al., 2014) . This suggests frequent spilling of material over the margin of the Kumano Basin and very limited deflection of density currents before the tilting event (Fig. 8) . Uplift of the basin margin likely remained low during this period due to limited activity of the megasplay fault Kimura et al., 2011; Strasser et al., 2011) .
Major tilting of the basin between 1.3 and 1.0 Ma resulted in migration of the main depocenter towards the NW with diachronous deposition of Unit 3 over Unit 2. Several observations indicate this tilting led to a new basin configuration with development of a prominent ridge in the outer basin and increased turbidite confinement (Fig. 8) . First, the tilting event was associated with significant decrease of the sedimentation rate from 1067 to 108 m/Ma in the outer basin at site C0002, whereas sedimentation rate remained high in the inner basin (>800 m/Ma) at site C0009. Second, tilting of the Kumano Basin was accompanied in the trench-slope basin at site C0018 by persistent reduction in abundance of metamorphic grains from the Inner and Outer Zone relative to volcanic grains from, possibly, the Collision Zone, which could reflect changes in flux of material from different sources (Usman et al., 2014) . Finally, detrital orthopyroxenes in the inner basin at site C0009 show increased supply from the Kumano river from Units 1 to 3, which is consistent with improved confinement of material from proximal sources through time. However, similarly to sedimentation prior to basin tilting, detrital pyroxenes clearly show that longitudinal transport of material from the NE was limited, without contribution from the Tenryu river or Collision Zone. As proposed above we speculate that transverse canyons have been a major limiting factor of longitudinal transport in the upper forearc. Subduction of a seamount since ~1 Ma (Kimura et al., 2011) has resulted in severe disruption along the NE margin of the Kumano Basin (Fig. 1) . Subduction of topographic features even of small size can promote development of large canyons (Soh and Tokuyama, 2002) and, thus, it is very likely that canyon development in response to seamount subduction has played a recurrent role in controlling sediment routing along the Nankai accretionary prism during the Quaternary.
Detrital pyroxenes show clastic flux from the Inner Zone persisted in the Kumano Basin after the tilting event. Material most likely transited across the MTL down to the basin through the Ise Bay and Anoriguchi Canyon (Figs 1, 8) . Sedimentological variations in the NE part of the Kumano Basin close to the Anoriguchi Canyon indicate that the terrigenous flux was affected by eustatic changes at least during the last glacial cycle (Omura and Ikehara, 2010) . A delta system has been active in the recent Quaternary in the Ise Bay (Masuda and Iwabuchi 2003; Saegusa et al., 2011) and Omura and Ikehara (2010) proposed that sedimentation changes in the NE Kumano Basin since the last deglaciation was due to variations in accommodation space in the Ise Bay, with more terrigenous material carried downslope during lowstand and increased deposition of this material in the bay during highstand. Similarly, we propose that ~40 k.y.-long mud-sand cycles documented by gamma ray data at site C0009 reflect Milankovitch cycles and climate forcing on turbidite sedimentation during the past ~0.3 m.y. This suggests that stronger currents or tectonics prevailed during earlier basin evolution or that migration of the depocenter close to the shore was required before eustatic effects could be expressed in the sedimentary record. In both cases, sediments accumulated for ~1.8 m.y. in the basin before a clear climatic signal was expressed and, thus, basin maturation was likely key to development of this signal.
Conclusions
This study shows that an integrated analysis of stratigraphy and pyroxene provenance offers valuable insight into the evolution of sedimentation patterns in the upper forearc environment, in particular during development of a large basin with diachronous units. Use of REE contents in clinopyroxenes and the composition of orthopyroxenes together with existing discrimination diagrams (e.g., Leterrier et al., 1982 ) is a powerful approach to characterise sediment flow routing in volcanic environments. In addition, this study demonstrates that drill cuttings can make a valid substitute to core samples in provenance studies.
Our results show that sedimentation in the Kumano Basin records different stages of development from trench-slope to upper-forearc environments during development of the Nankai accretionary prism. The transition was accompanied by readjustment of sediment flow routing to geometrical changes of the slope. In the early Quaternary, shortly prior to basin initiation, long-distance axial transport from the Izu-Bonin arc was coeval with transport downslope from distant Inner Zone sources and proximal Outer Zone sources. This sedimentation pattern was replaced in the early Kumano Basin by predominantly transverse transport of material from the Inner Zone and proximal Outer Zone, with frequent spilling over the basin edge into the trench slope environment. Turbidite confinement increased in the basin after a major tilting event in the middle Quaternary, but sediment flow routing remained mostly unchanged, with only limited longitudinal transport from the Ise Bay. In the late Quaternary, climate cycles are clearly expressed in turbidite sequences of the basin due to eustatic variations and changes in flux of terrigenous material transiting/deposited along the shelf. The lack of long-distance longitudinal flows in the upper forearc during development of the Kumano Basin suggests that canyons (possibly triggered by subducting seamounts) greatly facilitated transverse transport of material downslope from the upper forearc. This is a significant contrast with sediment flow routing in the trench slope environment and foreland basins.
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A1. Riser system and operations in Hole C0009A
The riser system on the Chikyu uses an outer casing that surrounds the drill pipe to provide returncirculation of dense and viscous drilling fluid to maintain pressure balance within the borehole. The drilling fluid carries cuttings (i.e. disaggregated sediment, minerals or lithic fragments mostly liberated at drilling depth), which can be sampled on the drilling vessel. Stratigraphic information in cuttings samples may be affected by the occurrence of cavings that consist of material produced by disaggregation of uncased borehole walls above the drill bit. At Hole C0009A, riserless drilling and installation of casing were conducted down to ~700 mbsf (meter below sea floor). Riser drilling and collection of cuttings samples was made in every 5 meters interval between depths of ~700 and ~1510 mbsf (cuttings samples 1 to 173). Both cuttings and cores were retrieved in the ~1510 to ~1600 mbsf interval (cuttings samples 176 to 193), before widening of the hole accompanied by sampling of new cuttings in the same depth interval (cuttings samples 196 to 215). Cuttings samples in Hole C0009A contain disaggregated sediment until ~1040 mbsf (boundary of Subunits IIIA and IIIB), and disaggregated sandy sediment plus poorly to well consolidated muddy sediment below this depth. Drilling of Hole C0009A was followed by wireline logging below ~700 mbsf that offers a stratigraphically accurate measurement of lithologic changes downhole (Saffer et al., 2010) . Below we compare the composition of the cuttings and cores as well as logging data to characterize caving effects in Hole C0009A and potential mixing of detrital grains during retrieval.
A1. Stratigraphic accuracy of cuttings samples in Hole C0009A
As shown previously in Saffer et al. (2010) , there is generally a good correlation between compositional changes of cuttings samples and the downhole variation of logging data (Fig. A1) . The correlation is particularly clear at the transition from Subunit IIIB (slope sediments) to Unit IV (accretionary complex). High abundance of plant fragments in Subunit IIIB compared to Subunit IIIA (slope sediments) and Unit IV results in a sharp increase downhole of the Wood Index (i.e., qualitative assessment of the abundance of plant fragments by visual inspection) at the boundary of subunits IIIA and IIIB. This is in good agreement with the first occurrence, or drastic increase downhole of a particular grain species. However, we point out that the Wood Index remains high until ~40 m below Subunit IIIB -Unit IV boundary, suggesting persistent sampling of Subunit IIIB at least until this depth. This persistent sampling is also suggested by gradual changes of the composition of cuttings samples determined by shipboard XRF and XRD measurements across Subunit IIIB -Unit IV boundary. Comparison of silty mudstone in cuttings samples and cores are in good agreement, with exception of CaO or calcite contents previously attributed to contamination of cuttings samples by drill mud (Saffer et al., 2010) . Sandy layers observed in the cores were poorly consolidated. Therefore, compositional scattering of core samples relative to cuttings samples can be attributed to disaggregation of more sandy or silty sediments during the retrieval of cuttings, whereas these sediments could be collected and analyzed in the cores. Importantly, sediment disaggregation during retrieval is of no consequence on our sediment provenance analysis that is based on heavy mineral compositions. Shipboard data suggest, however, that disaggregation of sandier layers can promote inheritance of detrital grains up to ~40 m above the drilling depth.
To further characterize the accuracy of the depth interval associated with cuttings samples, we performed grain counting in a selection of cuttings samples at core depth. Our observations focused mainly on the 1567.7 to 1592.7 mbsf interval, where an increased abundance of tuff interbeds is documented in the cores between 1579.5 and 1582.3 mbsf, which can be used as a traceable stratigraphic horizon. Lithological characteristics of the cuttings were evaluated in ten samples retrieved during the coring phase (cuttings samples [189] [190] [191] [192] [193] and widening of the hole (cuttings samples 208-212) for three grain size fractions (1-4 mm, 0.25-1 mm and 0.045-0.25 mm), focusing on the abundance of tuff or glass fragments (Figs. A2 and A3 ). The larger size fractions are composed of fragments of sediment not disaggregated during drilling, whereas the smallest size fraction is composed of disaggregated sediment. Results show for all size fractions that cuttings recovered during the two drilling phases are compositionally distinct. Cuttings recovered during coring lack coarse grained, less consolidated lithologies and larger size fractions do not allow recognition of a tuff-rich horizon at ~1580 mbsf depth due to probable disaggregation of tuff lithologies during retrieval. In contrast, cuttings recovered during widening of the hole successfully document the occurrence of a tuff-rich interval, but the increase in tuff abundance occurs below the depth of the tuff horizon seen in the cores, and extends to several samples (i.e. 211 and 212). These observations suggest existence of a ~5 m error in the cuttings depth. Importantly, small size fractions recovered during the riser drilling phase (similar to mineral separates used in our study) successfully allow recognition of a tuff-rich horizon at core depth.
A3. Conclusions
Combination of existing and new data from Site C0009 in the Kumano basin shows that: (1) cuttings samples provide important insights into the nature of drilled formations, in particular with the first apparition or marked increase of the abundance downhole of specific lithological components; (2) stratigraphic accuracy of cuttings samples in Hole C0009A is ±5 m; and, (3) caving effects up to ~40 m above the drilling depth may be noticeable in some cuttings samples, but caving decreases uphole from the drill bit, therefore compositional bias in sediment provenance analyses is very limited at a ~50 m interval. Overall, these conclusions support our use of cuttings samples from Hole C0009A to reconstruct compositional changes at the scale of lithological units in the Kumano basin. and reduction of oxide formation (typically <0.2 % ThO/Th). For single spot ablation wit 50-80 µm crater size the laser was operated with 15Hz pulse frequency at a fluence of 10 J cm -2 .
Any single measurement comprised data acquisition for 33 isotopes with 10ms dwell time in intervals of 20s background, 40s sample ablation, and 20s for washout monitoring. Further data processing was done using the GLITTER software package using the integrated graphical visualization tool for setting integration intervals for each analyzed spot.
Background counts were used for calculating actual lower limits of detection. To reduce potential error introduced from both sample surface contamination and instable aerosol particle distribution during the first laser shots the first couple of seconds of each sample acquisition interval was discarded from data integration. Data being affected from inclusions of other minerals or melts were skipped from sample integration. In GLITTER external calibration was done with the silicate glass standard reference material NIST SRM612 using 48Ca for internal standardization and preferred values from Jochum et al. (2011) . Data obtained this way with non-matrix matched NIST-glass calibration typically has a systematic bias of the results as a consequence of different sample matrices. Thus, a second matrixmatched calibration step using a series of vitrified rock SRMs (BIR-1G, BCR-2G: preferred values from GeoRem online data repository; MPI-DING-glasses StHs-6/80-G, GOR128-G, BM-90/21-G: preferred values from Jochum et al. [2006] ) was applied using external spreadsheet software. From that SRM data an average "bias factor" was calculated for each element. NIST-glass calibrated sample data was then recalibrated applying these bias factors.
The calculated bias factors were stable within <5% RSD over the entire duration of the 8 LA-ICP-MS sessions covering 3 months. All final data presented in the results tables are background corrected and represent averages of 1-4 replicates within each clinopyroxene crystal. Data for analyzed reference materials and replicate analyses are compiled in Table   T4 .
